Chemical processes driven by nonthermal energy (e.g., visible light) are attractive for future approaches to energy conversion, synthesis, photocatalysis, and so forth. The growth of anisotropic metal nanostructures mediated by excitation of a localized surface plasmon resonance (LSPR) is a prototype example of such a reaction. Important aspects, notably the growth mechanism and a possible role of plasmonic "hot spots" within the metal nanostructures, remain poorly understood. Here, we use in situ electron microscopy to stimulate and image the plasmon-mediated growth of triangular Ag nanoprisms in solution. The quantification of the time-dependent evolution of the lateral size and thickness of the nanoprisms, enabled by nanometer-scale real-time microscopy in solution, shows a transition from an early stage of uniform Ag 0 incorporation exclusively in the prism side facets to a size regime with accelerated growth in thickness. Differences in attachment rate at this advanced stage correlate with local plasmonic field enhancements, which allows determining the range over which charge carriers transferred from plasmonic hot spots can drive chemistry. Such data support the development of nonthermal chemical processes that depend on plasmonic light harvesting and the transfer of nonequilibrium charge carriers.
Introduction
Chemical processes driven by nonthermal energy, especially solar radiation, are attractive for future approaches to energy conversion, 1 synthesis, 2 or photocatalysis. 3 The visible light stimulated growth of anisotropic nanostructures mediated by excitation of a localized surface plasmon resonance (LSPR) exemplifies how coordinated light harvesting, energy/charge transfer, and redox chemistry steps can act in concert to enable a complex photochemical reaction. 4 Since the discovery of the visible light excitated transformation of spherical Ag nanoparticles into triangular nanoprisms, 4 extensive research on plasmon-mediated solution synthesis has resulted in extraordinary control such as size-tuning via the wavelength of monochromatic light, 5−7 as well as extension to other shapes [8] [9] [10] [11] and to other metals. 12 Changes in solution chemistry 13 and photoexcitation, as well as crystallographic 14, 15 and spectroscopic studies 16 have been used to build a mechanistic understanding of key steps of the process. Oxidative etching dissolves small Ag nanoparticles to provide Ag + ions in solution. 17, 18 The reduction of Ag + to Ag 0 , the primary plasmon-mediated process, is believed to involve Landau damping of the LSPR to produce hot electron−hole pairs. 19 A hole scavenger, e.g., a particlebound citrate ligand also present in solution, is irreversibly oxidized and desorbs from the particles. 16 The residual net charge (2 e − per citrate) can reduce Ag + ions on the nanoparticle surface to Ag 0 , causing Ag growth. The preference for the triangular prism shape is explained by kinetic growth exclusively on the side facets, 4, 5 combined with breaking of the 6-fold lattice symmetry by planar defects. 20 While this scenario can rationalize important elements of plasmon-mediated growth, key questions remain open. For example, it is assumed that the nanoprisms grow negligibly in thickness, i.e., Ag 0 incorporates only in the side facets and avoids the large (111) basal facets. But aside from the anisotropy of the products, there is no evidence for such a "kinetic growth" process. Strong local field enhancements ("hot spots") are believed to play a key role in this and other forms of plasmon-mediated chemistry, 3, 21, 22 but experimental evidence of carrier transfer from hot spots 23 and crucial measurements of the range of such excitation transfers in metals have remained elusive. Recent work on Au nanoprisms suggested that hot electrons generated by LSPR damping are available for reducing the precursor ions anywhere on the prisms, independent of size (to at least 400 nm) and LSPR mode structure. 12 But this may only be true if specialized surfactants are used to stabilize excess carriers and mediate the reduction process. For most systems, for instance citrate-terminated Ag nanoprisms, short hot-carrier lifetimes imply that the assumption of uniform reduction may break down at a critical particle size. This opens up new questions regarding the link between local field enhancements ("hot spots") and chemistry, in particular the possibility that changes in the LSPR mode structure during the prism size evolution (e.g., onset of higher-order modes) could affect the growth mechanism and rate. The ability to address such nearfield effects by conventional means, i.e., using spatially averaging far-field probes or growth followed by ex-situ imaging, is limited. Abundant examples of other nanomaterials, e.g., carbon nanotubes, 24 graphene 25 and other 2D materials, 26 semiconductor nanowires, 27 and so forth, have demonstrated the power of in situ microscopy in quantitatively analyzing growth processes. Here we use in situ scanning transmission electron microscopy (STEM) to establish the nucleation and evolution of anisotropic Ag nanoprisms in plasmon-mediated solution growth.
Results and Discussion
The high-energy electron beam in STEM plays two distinct roles: It is used for imaging processes that occur in a bulk solution environment (confined in a microfabricated liquid cell, Figure 1a) , 28, 29 and at the same time represents a highly localized excitation source down to spot sizes below 1 nm. Particularly important in the context of plasmon-mediated chemistry is the ability of high-energy electrons to excite localized surface plasmon resonances (LSPRs) in nanoparticles. 30, 31 As a beam of relativistic electrons traverses near a metallic nanostructure, the associated Coulomb field causes a time-dependent perturbation of the electrons in the object: It experiences a pulse of electromagnetic radiation propagating along the electron trajectory. 30 The short duration of this pulse in the time-domain (~1 fs) implies that its spectral composition is that of white light. The focused electron beam thus represents a localized evanescent source of supercontinuum light ( Figure  1a ). Here, this local electromagnetic excitation is used to excite LSPRs in Ag nanostructures and study the plasmon-mediated nanoparticle-to-nanoprism conversion in situ. For small nanoprisms with predominant dipolar LSPR modes, cathodoluminescence (CL) maps and spectra (Figure 1b , c; see the Experimental Section) show strongest coupling to the LSPR when the electron probe resides near the corners of Ag nanoprisms and suggest that plasmon-mediated chemistry is only activated when the probe is placed close (within the ~14 nm decay length of the beam-LSPR coupling, see Figure S1 ) to a silver nanostructure. Consistent with this picture, significant growth of triangular Ag nanoprisms is only observed while the electron beam is being scanned. A stationary probe projected across the solution away from the Ag particles causes no detectable effects, demonstrating that the observed conversion and growth processes are plasmon-mediated and not due to other factors, e.g., a possible reduction of Ag-ions by beam-induced radicals. Figure S3) shows that the large basal facets of the prisms are (111) facets. [4] [5] [6] 14, 15, 34 Time-lapse image series obtained during excitation in the native solution environment provide the basis for analyzing the plasmon-mediated growth of Ag nanoprisms. In dilute solutions (1.3 × 10 11 particles/ml) the initial Ag nanoparticles are progressively replaced by two species, triangular nanoprisms and larger spheroidal particles (Figure 3a ), which both grow over time. The triangular shape of the prisms is already discernible in the smallest anisotropic nuclei (Figure 3b) , and most of the nanoprisms do not nucleate on the suspended seed particles. The lateral growth of prisms and spheroidal particles, analyzed from the projected area observed in timelapse movies, is shown in Figure 3c . The growth rates scale linearly with side facet area (nanoprisms) and total surface area (round particles), respectively (Figure 3d ). The shapes remain invariant over time. These results confirm the hypothesis of uniform Ag + to Ag 0 reduction and Ag incorporation into the active parts of the surface in plasmon-mediated growth, due to a uniform distribution of LSPR-derived excess carriers. Analyzing the local image intensity in STEM allows us to follow the thickness evolution and determine the anisotropy between lateral growth and thickening of the nanoprisms (Figure 3f ). Small triangular prisms have a thickness of ~14 nm, which remains nearly constant until a side length of 150 nm is reached (elapsed time t ~ 50 s). At this initial stage, the prisms grow mostly laterally with a 40:1 ratio of in-plane to out-of-plane expansion. These findings correspond to a "kinetic growth" regime with negligible Ag incorporation into the large (111) facets. (Figure 3f ). In the "kinetic growth" regime (t = 46 s) the thickness is uniform. When the size approaches ~200 nm (t = 73−75 s), however, inhomogeneous contrast can be associated with a varying thickness across the prisms. In consecutive frames, the thicker regions fluctuate but consistently appear near corners and edges (see also Figure S5 ). These observations are consistent with the onset of nonuniform Ag nucleation on the (111) facets. The Ag incorporation rate is determined by a sequence of different elementary steps: Landau damping of the LSPR and creation of hot electron−hole pairs; hole capture by a sacrificial scavenger (citrate); and electron transfer and capture, causing the reduction of Ag + to Ag 0 . If the hot electron−hole pair generation rate depends on the LSPR near-field distribution (and given the short lifetime of these excess carriers) 19, 35 plasmoninduced electrons can cause uniform Ag-ion reduction only for nanostructures with lateral size smaller than the hot electron mean-free path, λ el . In larger nanoprisms, the increased size and a more complex mode structure (see Figure S6 ) cause a nonuniform distribution of the hot carriers, which in turn can give rise to nonuniform rates of Ag 0 generation on the surface. Under steady-state conditions, surface diffusion will tend to counteract any locally enhanced nucleation, but at any given time the thickness would tend to be larger in regions with the strongest field enhancement, as it is indeed seen in Figure 3e .
Whereas triangular prisms with 150 nm sides still show uniform Ag 0 incorporation, 200 nm prisms show enhanced Ag nucleation near the corners (Figures 3e, f and S5 ). This implies a distance of ∼45 nm over which carriers transferred from the plasmonic hot spots effectively participate in the redox chemistry (see Figure S7) . It is not a priori clear if this distance corresponds to the range of hot electron or hole transfer, since both carriers play different roles in the overall reaction (Ag + reduction for electrons; citrate oxidation for holes). It is well established theoretically 36−38 and experimentally 39−41 that the hot electron mean-free path (MFP) in noble metals decreases with increasing energy above the Fermi level (E F ). Recent first-principles calculations showed the same trends for hot electrons and holes in silver s-states, with MFPs of 20−40 nm within ~1 eV of E F . 42 The large carrier transfer range observed here is consistent with electron and hole energies close to E F , which in turn implies that reduction and oxidation steps of the plasmon-mediated nanoprism growth depend only weakly on carrier energy (i.e., require minimal overpotential).
Within the above framework calculations of the field distribution in Ag nanoprisms can also rationalize the absence of observable nonuniform nucleation in the lateral growth. At small prism size, only the dipolar LSPR mode is excited. Its largest field enhancements are in the corners, but the particles are sufficiently small that hot carriers−even though generated preferentially in these hot spots−are readily transferred anywhere on the side facet. For larger sizes, quadrupole and other higher order modes add to the mode structure but their strongest fields are along the periphery, which again ensures that hot carriers can reach any site on the side facets. Occasionally, preferred nucleation near a corner is also seen in the lateral growth of Ag nanoprisms. These cases involve symmetry breaking, as shown in the example of Figure 4 . In-situ observations show the growth of a Ag prism on a larger spherical particle in solution (Figure 4a ), resulting in a triangular prism with one truncated corner and with the nanoparticle asymmetrically embedded near one side. This plate shows the nucleation of a pronounced kink near the corner closest to the particle, which is then progressively smoothed by further Ag incorporation until a kinkfree side facet is restored (Figure 4b ). Comparisons with calculations of the near-field distribution again underscore the role of preferential hot carrier generation near LSPR hot spots. Specifically, the asymmetrically embedded particle shifts the highest fields of the dipole and 587.8 nm quadrupole modes to one of the corners, and those of the 580.1 nm higher order mode to the side at smaller distance to the particle. Our experiments combined with these simulations implicate this induced asymmetry and the resulting local excess of Ag 0 due to an enhanced supply of hot electrons as the cause of preferential lateral kink nucleation and growth. 
Conclusions
The insight into plasmon-mediated growth from in situ microscopy and the demonstration of locally accelerated redox reactions near regions with strongest field enhancements opens up new possibilities for using the LSPR mode structure and distribution of hot spots in anisotropic particles or arrays to control solution growth. For example, one can envisage positive feedback mechanisms toward geometries with ultrahigh local fields by preferential metal deposition near hot spots, which in turn further amplifies the near-fields. Such effects may enable the large-scale bottom-up synthesis of plasmonic nanostructures e.g., antenna arrays to enhance molecule fluorescence 43 and Raman spectroscopy, 44 without the need for electron-beam lithography.
Experimental Section
Electron Microscopy Experiments. Citrate-capped Ag nanoparticles (Pelco NanoXact and BioPure) with 30 nm diameter and concentration of 1.3 × 10 11 particles/mL in aqueous solution containing 2 mM sodium citrate and pH − 7.4 were introduced in the liquid cell. Real-time (S)TEM experiments were carried out in a dedicated specimen holder (Hummingbird Scientific) using liquid cells consisting of two 30 nm thick SiN membrane windows with 50 × 50 μm 2 window area. The spacing between the windows was controlled using 200 nm SiO 2 spacers. (S)TEM imaging was performed in a FEI Titan 80−300 environmental Cs-corrected (in TEM mode) microscope operated at 300 kV and a FEI Tecnai Osiris ChemiSTEM at 200 kV. STEM imaging was performed with ~2 Å probe size and beam current 0.37 nA, measured in vacuum before introduction of the liquid cell. Typical conditions for the acquisition of growth series were an electron dose rate between 6.6−26.4 e/Å 2 ·s. The local fluid thickness was calculated using the beam current measured at the FOV during imaging in the liquid cell according to Reference 33. 33 For the transformations followed in the movies shown in Figures 2 and  3 , the acquisition conditions were 512 × 512 pixels, pixel size −3.8 nm, pixel dwell time −4 μs, 1.05 s/frame, electron dose per image: 28 e − /Å 2 , electron dose rate: 26.4 e − /Å 2 ·s. Cathodoluminescence (CL) measurements were performed in STEM mode (STEM-CL) with local excitation and far-field light collection, using a Gatan Vulcan CL holder at room temperature and 200 kV electron energy. The incident beam current for CL measurements was typically 2 nA, the panchromatic CL map in Figure 1 is 100 × 100 pixels with acquisition time of 100 ms per pixel. The analysis of the nanoprism growth was performed in the software package ImageJ, 45 using built-in threshold and particle analysis functions.
Simulations. The numerical simulations were carried out using the commercial finite-element simulation software COMSOL Multiphysics. A spherical domain was created around a single nanoprism and perfectly matched layer absorbing boundary conditions were employed to mimic an open boundary. The scattering signature of the triangular prism shown in Figure S6 was computed based on the scattered-field formulation, which uses the analytical solution for a normal incident plane wave in the absence of the nanoprism as the background field. We assumed that the Ag prisms are surrounded by water with refractive index of n = 1.33 and the nanoprism corners were smoothed to obtain better agreement with the experimental results. Realistic permittivity values of Ag as a function of wavelength were used in the simulations based on empirical data. 46 To compute the electric field distributions of the dipole, quadrupole, and higher order modes of the bare Ag nanoprism and the prism with an embedded spherical nanoparticle shown in Figure 4d , a point-dipole source was introduced near the sample to stimulate each mode at each resonance frequency. 
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